Abstract: Plant pathogenic fungi cause severe damage, widespread losses, and are challenging to manage. Control strategies rely on fungicides, deep tillage of the crop residues, use of resistant cultivars, and crop management (specific sowing period, crop rotations). Farmers must yearly allocate fields to different crops and choose among these crop management options. Far from being obvious, these decisions are critical because they modify farm productivity and profitability in the short and long run. We built a new model specifically to address the issues described above. The first version of the model describes the population dynamics of a fungal pathogen over a large agronomic region comprising a number of fields in which both susceptible and neutral (non-susceptible) crops are grown. We compared different rates of rotations to see what rotation strategies were optimal in maximising non-infected susceptible crop area and minimising infected crop area. Then we adapted the model to investigate the case where three different crops can be used in the landscape, one non-susceptible crop, one susceptible host crop with low resistance and one susceptible host crop with high resistance. Our results showed that for a wide majority of cases, the configuration where we rotated infested fields into neutral fields at a faster rate than we rotated neutral fields back into susceptible crop gave better yield overall by reducing fungal incidence.
INTRODUCTION
Plant pathogenic fungi cause severe damage, widespread losses, and are challenging to manage. These difficulties mainly arise from complex interactions between the crop, the pathogen, and climate variables. Some long standing historical examples include apple scab, caused by the pathogen Venturia inaequalis (Aylor, 1998) , tobacco blue mould caused by Peronospora tabacina (Aylor, 1999) . Another very topical example is phoma stem canker (Blackleg), caused by Leptosphaeria maculans and/or L. biglobosa. Blackleg is one of the most damaging diseases of oilseed rape culture worldwide (West et al. 2000; Fitt et al. 2006 ). This disease is of major economic importance, with yield losses of between 5 and 20% of the production in some places (Aubertot et al., 2004) , but up to 100% in exceptional situations (West et al., 2000) . The disease is most severe in areas of intensive oilseed rape production because L.maculans/L.biglobosa ascospores in particular are released from oilseed rape stubble and spread extensively via wind, while rain splashed conidia are released both from infested stubbles and from lesions on plants to cause secondary spread. In Australia in particular, blackleg is a polycyclic disease, with mutiple cycles of spore production and infection across the year (Li et al., 2006; Li et al., 2007) . As epidemics reduce crop yield, strategies combining several tactics are deployed to control them. Management strategies rely on disease control methods such as like fungicides, deep tillage of the residue, use of resistant cultivars, and crop management such as sowing during a specific period or crop rotations (Fitt et al., 2006; West et al., 2000; Sivasithamparam et al., 2005) .
Because of the large number of factors involved in the interactions between crop, pathogen and environment, the use of mechanistic models (Colbach, 2010) , whether stochastic or deterministic, are invaluable tools for integrating key behaviours and assessing whether a given strategy of crop management is relevant or not before to be applied. A number of mechanistic models have been developed and tested for fungal pathogens as well as specific other pests, for example, citrus tristeza virus (Gibson, 1997) , anthracnose (Diggle et al., 2002) , yellow rust of wheat (Soubeyrand et al., 2007) , forest gap generated by bark beetles species (Zhu et al., 2008) , and apple scab (Crété et al., 2013) . Rotations between crops are often used to reduce yield loss as well as to keep the durability of resistance of some crops to pathogens (Dury et al., 2012) . We introduce here a new model representing the following situation. A landscape is composed of fields of two types : host crop and non-host crop for the disease. The non-host kind of field is neutral in the sense that it cannot be infected or cannot infect other fields. The neutral crop yield is also less valuable than non-infected host crop. The main role of this kind of crop is to stop the development of the disease occuring in a field, by being sown in this field in the place of the contaminated crop. The host kind of field has two possible states : susceptible (meaning non-infested), and infested. First, we start by studying the case where only one kind of host crop will interact with a disease and neutral crop. We successively modify and compare the different rates of rotations to see if a given type of rotation is better than the others, in terms of increase of yield. Then we look at the case where two different host crop can be used in the landscape (two different cultivars with resistance genes to the disease for example), and investigate how rotation between a host field and another one more resistant crop can influence the dynamic of the disease.
THE SIN MODEL
The SIN model (Susceptible -Infested -Neutral) describes the population dynamics of a fungal pathogen over a large agronomic region comprising a number of fields in which both susceptible or neutral crops are grown (neutral meaning that the crop cannot be infected by the pathogen). The following equations describe the between-field (regional) dynamics:
Susceptible fields :
[th -(S + I)] -λ I S

Infested fields : dI/dt = λ I S -μ I [T h -(S + I)]
Neutral fields : dN/dt = μ I [T h -(S + I)] -ν I[t h -(S + I)]
The landscape is composed of a number T h of fields. We consider that the number of fields for the susceptible host is limited to a threshold value t h , meaning that for all time, S+I ≤ t h . Then the number of neutral host field that are grown equals T h − (S+I). We note that the minimum number of neutral fields is T h −t h . Infested fields produce spores, which escape the field, are blown away and initiate epidemics in susceptible fields at the rate λ. We will assume that each infested field contains an epidemic of equal size and produces the same quantity of spores. Epidemics within fields become extinct at rate μ due to crop rotation with a neutral field. Then the neutral fields are replaced by susceptible fields at the rate ν.
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We note that the evolution of neutral fields quantity may be rewritten in the following way:
We will now study the evolution of the system of fields, depending on the growth of the disease (λ), both rates of rotation (I → N and N → S), and on relevant initial conditions. The latest relation allows us to see the following facts: In a very simple scenario, we can assume that T h = t h . That means that in our model, no neutral field are possible, and all fields are the susceptible crop. We note that S+I = T h so it is constant, and the model reduces to a logistic model :
So in the following we will always assume that T h > t h . We will fix the threshold T h at the value 10000, the threshold for the susceptible crop will be equal to 9000, meaning that 1000 neutral fields we be grown at the beginning. We will study the cases where ν = μ, μ > ν and μ < ν, and how the dynamics in each case depends on different epidemic spread rates (different λ).
, meaning that the quantity of neutral field grows until there is no infested field anymore. Furthermore, when I = 0, we have dS/dt = dI/dt = dN/dt = 0, and so the system dynamics reaches a steady state. Figure 1 represents such a case of evolution for different disease intensities. When the speed of the disease is very low compared with the rate of rotation, infested field vanishes quickly, replaced by neutral fields, themselves replaced by susceptible ones. At the end we only have disease free susceptible fields and neutral fields. For the subfigure in the middle, the speed of the disease at the beginning massively reduces the number of susceptible fields. Even if the rotation gives some susceptible field back in time, at the end (steady state of the model) there are more neutral fields than susceptible fields. As we assume that the culture of susceptible field is more valuable in terms of return on investment that the neutral fields, this rotation strategy is not attractive. Then the last display shows what happens with an even higher spread rate; at the end there is only a small percentage of susceptible fields left. When μ > ν, that means that we rotate infested fields into neutral fields at a faster rate than we rotate neutral fields back into susceptible crop. Some example realisations of simulations of three different scenarios are shown in Figure 2 . The first subfigure (on the left) only differs from the first subfigure of Figure 1 through the value of μ which is ten times bigger. This ensures that there is almost no loss in terms of susceptible fields, with almost all the infested fields being absorbed by the neutral fields. With the graph in the middle we can note that there is no overall return of neutral fields towards susceptible fields, meaning the number of susceptible remains constant after a period of decrease. However, the final level of susceptible fields is higher than the corresponding level of the Figure 1 . Figure 2 . Representation of the evolution of the SIN system when 1000 fields are infested in a region of 10000 fields, whose number of neutral fields equals 1000. μ=0.001 and ν=0.0001, λ successively equals to 0.00001, 0.0001 and 0.0005 from right to left.
When μ < ν, we rotate neutral fields into susceptible fields more often than we rotate infested fields to neutral fields. Figure 3 represents a case where dN/dt ≈ 0.1 so that the growth of N is really limited. That is why the level of N looks approximately constant for the three subfigures. In the case of the first subfigure, compared to the first subfigure in the first and the second figures, we note that the infested fields are seemingly essentially turned into susceptible fields. On the other hand, for the two other subfigures, farmers following these strategies will have important yield losses (big quantity of infested field at the steady state). In order to allow neutral fields to increase in number, we want to increase the value of the derivative dN/dt. To achieve that, we define μ in function of ν, th and T h in the following way: μ = ν *t h / T h . The behaviour of the model under these conditions can be seen in Figure 4 and is close to the behaviour of the case μ = ν, with the behaviour of some increase in the proportion of susceptible fields over a certain time period. 
APPLICATION OF THE SIN MODEL
We adapt the SIN model to the case where the host crops are divided into two categories: (10) and (11). These numbers can be interpreted as the genotypes of the two cultivars grown, with a system of two resistance genes, the number 0 meaning the absence of the allele conferring resistance, while the value 1 indicates its presence. Thus we can consider that the cultivar (11) has one more gene of resistance than the cultivar (10). We allow an additional kind of rotation, which is that (10)-infested field may be rotated into (11)-susceptible field (ω). For each cultivar there is a pathogen strain virulence genes that can infect them, with λ 10 = 0.0005 and λ 11 = 0.00025 representing the infective pressure of these strains. The fact that λ 11 is lower than λ 10 can be interpreted like a fitness penalty due to an extra gene of resistance for (11) We assume the limit number of fields sown with these cultivars is respectively t h11 and t h10 with their values are fixed at 4500. The total number of fields is still 10000, and the quantity of neutral fields is 1000. At the beginning of the example outputs shown in Figures 5 and 6 , I 10 = I 11 = 100 fields. We can see for both of these figures that the choice of μ > ν looks to be better than the other rotation strategies. 
CONCLUSIONS
This paper proposed a new model of crop rotation based on the use of neutral crops, which are protected from fungal disease that may develop within a susceptible crop. This model is based on rates of rotation, meaning the frequencies at which a farmer will replace a given kind of crop by another one. We illustrated the behaviour of this ordinary differential equation system, through different rate of rotation (μ and ν), with increasing levels of disease spread (reflected in increasing λ). It results that the rotation strategy where μ > ν looks the best, with the exception of the case where the disease dynamics is very low, in which case μ < ν looks to be the best. We found similar results in a more complicated case, when the host crop was separated into two different genotypes, and the disease is assumed to have two different corresponding strains. This kind of model (Van den Gilligan, 2003, Parnell et al. 2006 ) may be hard to understand by farmers, because of its time structure. Here the time is continuous and the parameters are fixed (constant) with time. It could be tempting to increase ν for the scenarios where infected fields get low (toward zero), once this low value is reached. This model will be more useful when migration and mutation parameters are taken into account.
